1 stress suggest the overflow of acetyl-CoA from glycolysis and NADPH co-factor induces 2 high lipid accumulation and halotolerance in Chlorella sp. HS2 3 4 Abstract 32 Previously, we isolated Chlorella sp. HS2 (referred hereupon HS2) from a local tidal rock pool 33 and demonstrated its halotolerance and relatively high biomass productivity under different 34 salinity conditions. To further understand acclimation responses of this alga against high 35 salinity stress, we performed transcriptome analysis of triplicated culture samples grown in 36 freshwater and marine conditions at both exponential and stationary growth phases. De novo 37 assembly followed by differential expression analysis identified 5907 and 6783 differentially 38 expressed genes (DEGs) respectively at exponential and stationary phases from a total of 52770 39 transcripts, and the functional enrichment of DEGs with KEGG database resulted in 1445 40 KEGG Orthology (KO) groups with a defined differential expression. Specifically, the 41 transcripts involved in photosynthesis, TCA and Calvin cycles were downregulated, whereas 42 the upregulation of DNA repair mechanisms and an ABCB subfamily of eukaryotic type ABC 43 transporter was observed at high salinity condition. In addition, while key enzymes associated 44 with glycolysis pathway and triacylglycerol (TAG) synthesis were determined to be 45 upregulated from early growth phase, salinity stress seemed to reduce the carbohydrate content 46 of harvested biomass from 45.6 dw% to 14.7 dw% and nearly triple the total lipid content from 47 26.0 dw% to 62.0 dw%. These results suggest that the reallocation of storage carbon toward 48 lipids played a significant role in conferring the viability of this alga under high salinity stress, 49 most notably by remediating high level of cellular stress partially caused by ROS generated in 50 oxygen-evolving thylakoids. 51 52 Summary Statement 53 Redirection of storage carbon towards the synthesis of lipids played a critical role in conferring 54 the halotolerance of a Chlorella isolate by remediating excess oxidative stress experienced in 55 photosystems. 56 57
. In addition, proximate analysis of the biomass harvested at stationary 149 growth phase was performed in biological triplicates to further elucidate metabolic shifts in 150 HS2 under high salinity stress. Briefly, lipid content of harvested biomass was analyzed by 151 extracting total lipids from freeze-dried biomass with chloroform-methanol (2:1 (v/v)) 152 following a slightly modified version of Bligh and Dyer's method (Bligh & Dyer, 1959) ; the 153 protein content was determined using the method of Lowry (Illman, Scragg, & Shales, 2000; 154 Lowry, Rosebrough, Farr, & Randall, 1951) ; the carbohydrate content was measured using the 155 phenol sulfuric acid method of Dubois et al. (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956; 156 Illman et al., 2000) ; and the ash content was analyzed gravimetrically after exposing dry 7 RNA were verified using an Agilent 2100 bioanalyzer. The cDNA libraries were developed 165 according to manufacturer's instructions (Illumina, Inc., San Diego, CA, USA), and sequenced 166 on the Illumina HiSeq 2000 platform at Seeders Co. (Daejeon, Korea) (Liu et al., 2017) . In 167 addition, RNA-Seq paired end libraries were prepared using the Illumina TruSeq RNA Sample 168 Preparation Kit v2 (catalog #RS-122-2001, Illumina, San Diego, CA) . Starting with total RNA, 169 mRNA was first purified using poly (A) selection or rRNA depletion, then RNA was chemically 170 fragmented and converted into single-stranded cDNA using random hexamer priming; the 171 second strand was generated next to create double-stranded cDNA. Library construction began 172 with generation of blunt-end cDNA fragments from ds-cDNA. Thereafter, A-base was added 173 to the blunt-end in order to make them ready for ligation of sequencing adapters. After the size 174 selection of ligates, the ligated cDNA fragments which contained adapter sequences were 175 enhanced via PCR using adapter specific primers. The library was quantified with KAPA 176 library quantification kit (Kapa biosystems KK4854) following the manufacturer's instructions.
177
Each library was loaded on Illumina Hiseq2000 platform, and the desired average sequencing 178 depth was met while performing high-throughput sequencing. While raw sequencing data were composed of 100 bp paired-end reads, de novo 181 assembly was performed using Trinity 2.8.5 (Grabherr et al., 2011) Prior to functional annotation, differential expression analysis (DEA) was performed 193 first to avoid determining the most relevant transcript for each unigene based on unnecessary 194 assumptions at the early stage. In addition, given that quantitative asymmetry between up-195 and downregulated unigenes was strong, SVCD 0.1.0, which does not assume the lack-of-196 variation between up-and downregulated unigene counts (Evans, Hardin, & Stoebel, 2017; 197 Roca, Gomes, Amorim, & Scott-Fordsmand, 2017), was used in normalization for unigenes 198 with the mean of raw counts greater than the first quartile (i.e., 5.9 raw counts) as 199 recommended (Roca et al., 2017) . To determine DEGs, we used DESeq2 1.20.0 to compute 200 log-fold change (LFC) and adjusted p-values, and the DEGs between exponential and 201 stationary growth phases were especially based on the adjusted p-values for the interaction 202 between medium type and growth phase.
203
While unigenes with an adjusted p-value lower than 0.01 was considered DEGs, 204 functional annotation of DEGs was performed using Swiss-Prot, Pfam, and Kyoto 205 Encyclopedia of Genes and Genomes (KEGG) databases. First, following Trinotate 3.2.0's 206 recommendation, we predicted transcript coding regions that could be assigned to putative 207 proteins using TransDecoder 5.5.0 (Haas et al., 2013) . Thereafter, homologies were identified 208 using in parallel BlastP from BLAST+ 2.9.0 and hmmscan program from HMMER 3.2.1 to 209 get Pfam domains (Camacho et al., 2009; Eddy, 2011) . A second BlastP and hmmscan were 210 then run from the predicted proteins, and SignalP 5.0b et al., 2003; Subramanian et al., 2005) . A term was considered to be 225 significantly enriched when its false discovery rate (FDR) was lower than 0.25. stress, contrasting a nearly three-fold decrease in the amount of carbohydrate ( Fig. 1 and 2) . To elucidate differentially expressed genes (DEGs), read normalization was first 265 performed using SVCD normalization following standard DEGseq2 statistical test; a total of 266 9117 DEGs were subsequently obtained from 52770 unigenes, and they corresponded to 39469 267 transcripts. While 3573 DEGs were commonly observed across all conditions, 2334 and 3120 268 DEGs were distinctively observed at exponential and stationary phases, respectively ( Fig. 4) . hierarchies of KEGG BRITE. While the terms with a p-value lower than 0.05 and a false 281 discovery rate (FDR) lower than 0.25 were considered to be enriched, the results indicated high 282 enrichment of ribosomal proteins (Fig. 5 ). In addition, papain family of intramolecular 283 chaperones and SNAREs associated with membrane trafficking and heparan sulfate/heparin 284 glycosaminoglycan binding proteins were enriched. Notably, even though FDR values below 285 the cutoff were not observed, many enriched terms with a p-value lower than 0.05 were related 286 to protein processing and membrane trafficking. Upon exposure to high salinity stress, the growth of HS2 seemed to be inhibited with 312 an apparent enlargement of cellular biovolume (see 3.1). Correspondingly, most unigenes 313 homologous to genes identified to be involved in cell cycle were downregulated ( stress, it should be emphasized that a number of unigenes associated with repair mechanisms 325 (i.e., nucleotide excision repair, base excision repair, mismatch repair) seemed to be 326 upregulated ( Supplementary Table 2 ). (Table 2 and Supplementary Table 2 ). Moreover, most of the ribosomal proteins were There was a clear trend that all of the genes associated with PSII and PSI were 346 downregulated from exponential phase under high salinity stress, corroborating with the 347 measure of PSII activity that indicated a significant reduction in rETR during early growth 348 phase. It should be, however, noted that these genes seemed to be less-downregulated or reverse 349 its downregulation at later stationary growth phase ( was increased under high salinity stress (Yun et al., 2019) , it is especially notable that these 373 two upregulated genes are directly associated with the synthesis of these fatty acids. Moreover, 374 while the genes enriched on KEGG mapper indicated that fatty acid elongation and the 375 biosynthesis of unsaturated fatty acids were not upregulated, survey of fatty acid degradation 376 pathway indicated the inhibition of fatty acid degradation under high salinity stress, suggesting 377 a decrease in fatty acid turnover rate under high salinity stress (Table 2 and Supplementary   378   Table 1 ).
379
As the upregulation of lipid synthetic pathway in marine medium was postulated based 380 on the increased lipid content in harvested biomass (see 3.1), the results also identified that 381 genes essential for the synthesis of triacylglycerol (TAG) were upregulated: both phosphatidate , 2017; Oh et al., 2019; Qiao, Wasylenko, Zhou, Xu, & Stephanopoulos, 2017) . Of these 407 acclimation responses, our results particularly identified that the conversion of stored 408 carbohydrates into algal lipids played a significant role in resolving excess oxidative stress 409 induced under high salinity stress.
410
These results contradict the overflow hypothesis (OH), which postulates that the 411 overflow of photo-synthase is the main driver of lipid and/or starch accumulation and is 412 frequently discussed to explain increased carbon storage in photosynthetic microbes under 413 stress conditions (Juergens, Disbrow, & Shachar-Hill, 2016; Neijssel & Tempest, 1975; Tan & 414 Lee, 2016): indeed, substantial compromise in PSII activities at both transcriptional and 415 phenotypic levels at early growth phase and the upregulation of enzymes associated with the 416 accumulation of lipid throughout entire growth stages clearly suggest that the overflow of 417 organic photo-synthase ab initio was not the main driver of high lipid accumulation under 418 salinity stress. Rather, our results identified the pulling of the acetyl-CoA precursor generated 419 from glycolysis towards lipid synthesis as a major driver of lipid accumulation; accordingly, 420 the redirection of storage carbon likely resulted in the seeming conversion of carbohydrate to 421 lipid as observed in the proximate analysis of harvested biomass. In addition, KEGG pathway 422 analysis of carotenoid synthesis pathway and TCA cycle suggested that these competing 423 pathways for the "pulling" of acetyl-CoA precursor were downregulated, thereby positively 424 contributed to the redirection of acetyl-CoA towards glycerolipid synthesis (Fig. 6) . Horton, 2008; Müller, Li, & Niyogi, 2001) . However, given that non-photochemical 433 quenching (NPQ) of HS2 under salinity stress was not significantly compromised across both 434 growth phases, it is possible that photoinhibitory quenching (qI) or state transition quenching 435 (qT) were promoted under high salinity stress to compensate for the putative loss of qE in PSII 436 (Zhao et al., 2017) . In addition, while high salinity stress was previously known to inhibit the 437 recovery of PSII by damaging D1 protein (Murata, Takahashi, Nishiyama, & Allakhverdiev, 438 2007), the transcriptome analysis indicated no differential expression of D1 protein of HS2 439 under high salinity stress. Regardless, overall downregulation of protein processing, including 440 proteasome, under high salinity stress hints at a decrease in D1 protein turnover in PSII 441 (Andersson & Aro, 2001; Erdmann & Hagemann, 2001) , which likely contributed to the 442 formation of reactive oxygen species (ROS) and the decreased photosynthetic efficiency at 443 early growth phase (Zhang, Paakkarinen, van Wijk, & Aro, 2000) .
444
In addition to acetyl-CoA precursors, the synthesis of glycerolipid necessitates 445 NADPH as a cofactor (Tan & Lee, 2016) . Being an electron donor, NADPH is synthesized 446 along with ATP during the light reaction of photosynthesis, and has been acknowledged for its 447 role as an oxidative stress mediator (Valderrama et al., 2006) . Given that KEGG pathway (Fu, Wang, Yin, Du, & Kan, 2014; Huang, Fulda, 455 Hagemann, & Norling, 2006; Valderrama et al., 2006) . Although substantial upregulation of 456 anti-oxidative enzymes was not observed in the results of transcriptome analysis, the degree to 457 which each mitigation response contributes to the overall acclimation of HS2 under high 458 salinity stress across different growth stages remains to be elucidated. Importantly, the 459 upregulation of P-type Cu + transporter (RAN1) on MAPK signaling pathway was observed in Kwon, 2016). A similar approach can be adapted to direct more light energy towards electron 490 transport chain and/or possibly increase available NADPH pool, although cautions should be 491 taken to avoid a possibility of antagonistic interactions between competing metabolic pathways. Table 2 . Up-and down-regulated genes within KEGG pathway at exponential and stationary growth phases.
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